Abstract-Little is known regarding mixture effects of metals and polynuclear aromatic hydrocarbon (PAHs) under environmentally relevant exposure regimes. Standard U.S. Environmental Protection Agency (U.S. EPA) procedures were applied and extended to test effects of phenanthrene (Phen) on sediment-Cd uptake, aqueous-Cd uptake, and Cd-elimination kinetics in the amphipod Hyalella azteca. In sediment exposures, Phen increased the projected equilibrium-tissue concentration of Cd from 47.2 (36.2-58.3) to 221.1 g/g ([117.8-324.3], 95% confidence intervals [CI] in parentheses). Although Cd bioaccumulation increased markedly in sediment exposures, dissolved Cd concentrations and physical-chemical parameters indicative of Cd bioavailability were unaffected by Phen. Further, in water-only exposures, Phen had no effect on Cd bioaccumulation or Cd-elimination kinetics. These results indicate that increased Cd bioaccumulation in Cd-Phen mixtures occurred via a sediment-mediated process and was likely a function of increased uptake associated with feeding (i.e., Pheninduced alterations in ingestion and/or digestive processes). Observed increases in H. azteca lethality when exposed to CdPhen mixtures in sediment, but not in water-only exposures, likely resulted from increased Cd bioaccumulation rate rather than a true toxicological synergism. Thus, apparent synergisms and antagonisms may result from exposure-mediated effects in sediment that are unrelated to toxicological interactions. Implications of these findings regarding sediment-quality assessment and suggestions for future studies are discussed.
INTRODUCTION
In classical toxicology, combined doses of chemicals with dissimilar modes of toxic action are hypothesized to elicit independent toxicological effects [1] . Although this hypothesis accurately characterizes the joint toxicity of some classes of dissimilar compounds [2] , it may be inaccurate for mixtures of metals combined with polynuclear aromatic hydrocarbons (PAHs) [3] [4] [5] [6] [7] [8] [9] . In addition to toxicological interactions, factors related to environmental exposure may also contribute to apparent interactive effects. Apparent interactions occur when synergistic or antagonistic joint-toxic effects are manifested in organisms but are not the result of interactive toxicological mechanisms. For example, in sediment exposures, phenanthrene (Phen) was observed to have antagonistic effects on Cd lethality in the freshwater oligochaete Ilyodrilus templetoni (K. Gust and J. Fleeger, unpublished manuscript). This effect was later discovered to be an apparent antagonism because reduced lethality was caused by Phen-mediated decreases in Cd bioaccumulation via feeding; hence, there was no toxicological antagonism [10] . Much emphasis in ecotoxicology has been placed on understanding how organisms are exposed to contaminants and how exposure affects bioaccumulation and resultant toxicity. Toxicity of contaminant mixtures to organisms in natural environments will invariably be related both to exposure-mediated effects on contaminant bioaccumulation and to the toxicological interplay of bioaccumulated mixture components. In the present study, exposure-mediated effects on bioaccumulation were investigated.
The bioavailability of both metals and PAHs are each strongly influenced by the physical-chemical properties of sed-* To whom correspondence may be addressed (kgust1@lsu.edu).
iments in aquatic environments [11, 12] . Although the co-occurrence of these contaminants in urban sediments is suggested to be prevalent [13, 14] , little is known about their combined effects in sediment-dwelling organisms. Mixture effects in sediments are especially complex for deposit-feeding animals that are exposed to both dissolved contaminants and contaminated food/sediment. Contaminant bioavailability and organismal exposure strongly influence both metal and PAH bioaccumulation [15, 16] , which can directly affect toxicity [17] . Prior to the present study, the occurrence of mixture-mediated alterations in contaminant bioavailability, organismal exposure, and contaminant bioaccumulation in sediment exposures was untested.
In a previous investigation of metal-PAH mixture effects in Hyalella azteca, sublethal concentrations of Phen combined with Cd elicited significantly higher lethality than Cd alone in sediment exposures and had no effect on the lethal toxicity of Cd in water-only exposures [18] . Because the Cd-Phen mixture elicited independent effects in aqueous exposures, the apparent synergism observed in sediment bioassays was unlikely the result of true toxicological interaction. The purpose of the present study was to elucidate the cause of this apparent synergism. Sediment-uptake, water-only-uptake, and elimination-rate kinetics bioassays were conducted to determine if Phen altered Cd bioaccumulation rates in H. azteca. Additionally, a sediment bioassay was conducted to investigate Phen effects on dissolved Cd concentrations in overlying water and water-quality parameters that influence Cd bioavailability. We hypothesized that Phen would have no effect on parameters associated with Cd bioavailability and no effect on Cd uptake/ elimination kinetics regardless of exposure source.
Exposure-related effects on Cd bioaccumulation
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MATERIALS AND METHODS
Bioassays were conducted using or extending U.S. Environmental Protection Agency (U.S. EPA) method 100.1 for H. azteca [19] . Subadults (two to three weeks old) were collected as described by Driscoll et al. [18, 20] and acclimated to test conditions for 1 d. Exposure chambers were maintained at 23 Ϯ 1ЊC with a 16:8 light:dark photoperiod. Amphipods were fed 0.15 ml/individual aliquots of yeast, Ward's Cereal Grass Media (Wards Natural Science, Rochester, NY, USA), and trout chow [19] daily in all bioassays. Static-renewal water-replacement procedures were employed, where the entire water volume was replaced daily. After collection, amphipods were transferred to clean water and allowed to depurate gut contents for 6 h. Amphipods were then oven dried at 70ЊC for 24 h and dry weights determined. Information describing H. azteca culturing techniques, methods for recovering animals from bioassays, and enumeration protocols can be found in Gust [18] . All containers and apparatus used to conduct both sediment and aqueous experiments were acid cleaned before use.
Sediment preparation
Sediment used in bioassays was collected from Bayou Manchac, a rural freshwater bayou near Baton Rouge (LA, USA). Total organic carbon content in sediment was 2.59 Ϯ 0.23%, the wet:dry ratio for saturated sediment was 2.2:1, and concentrations of metals and PAHs detected in sediments suggest only background concentrations [18] .
Phenanthrene (98% purity; Aldrich Chemical, Milwaukee, WI, USA) was amended to sediment by dissolving the chemical in high-performance liquid chromatography (HPLC)-grade hexane and then volatilizing the solvent in a high-purity nitrogen gas stream to coat the inside walls of opaque glass jars. The appropriate mass of wet sediment (as determined by sediment wet:dry ratio) to achieve a targeted concentration was added to each jar and tumbled on a roller mill at room temperature (23 Ϯ 1ЊC) for 28 d. Phenanthrene concentrations were measured using HPLC for both aqueous Phen and sediment-Phen extracts using methods described in Gust [18] .
Cadmium chloride (98% purity; Sigma Chemical, St. Louis, MO, USA) was dissolved in deionized water and slowly amended to a specific mass of wet sediment to achieve a targeted sediment concentration. In the sediment-Cd uptake experiment, 109 Cd (Perkin-Elmer Life Sciences, Boston, MA, USA) was included in the metal-spike solution targeting an activity of 300 counts per min/mg dry weight sediment (150 Ci total). Each Cd solution was added dropwise to sediment in plastic jars undergoing mixing with a handheld mixer. For joint-toxicity bioassays, Phen was amended to sediment before addition of Cd. After Cd loading, sediments were allowed to age for 3 d before experiment initiation. Day-0 sediment Cd concentrations were analyzed by inductively coupled argon plasma mass spectrometry (ICP-MS) using a Perkin-Elmer Sciex, Elan 9000 ICP-MS (Perkin-Elmer Sciex, Boston, MA, USA) and 109 Cd activities in sediment, H. azteca tissues, and overlying water were measured using a Perkin Elmer/Wallac Wizard 1470 gamma counter (Perkin-Elmer, Shelton, CT, USA). For nonradioactive Cd analysis, two replicates of each Cd treatment were freeze dried, milled, and weighed. Cadmium was extracted into 10 ml of trace-metal-grade HNO 3 using a Perkin Elmer/Anton Paar, Multiwave 3000, microwave sample preparation system (Perkin-Elmer, Shelton, CT, USA) [21] . The sediment-extract was poured into a 50-ml plastic centrifuge tube through ashless filter paper (Whatman, Atlanta, GA, USA). The filter was rinsed three times with 3% trace-metalgrade HNO 3 to a volume of 50 ml. This solution was diluted to a concentration within the linear detection limits of ICP-MS. Standard reference material extractions and procedural blanks were included for quality-control purposes.
Sediment exposures
Hyalella azteca was exposed to sediment treatments including Cd alone (123.2 Ϯ 2.1 mg/kg) and Cd (135.7 Ϯ 2.6 mg/kg) combined with Phen (133.0 Ϯ 5.1 mg/kg). Cadmium body burdens were determined for animals exposed to each treatment after 1, 3, 6, and 10 d of exposure. The experimental design was randomized, including a 2 ϫ 4 factorial treatment arrangement. Sets of 10 randomly selected individuals were exposed in 5 replicate 100-ml plastic beakers containing 20 ml test sediment and 80 ml overlying dechlorinated tap water. Animals were collected from each exposure chamber, enumerated, and rinsed three times with deionized water. Amphipods were allowed to depurate gut contents for 6 h, rinsed, transferred to clean vials, and gamma counted.
In the sediment-Cd uptake experiment, the percent increase in individual H. azteca dry weight was quantified for each contaminant treatment at each exposure period. The mean dry weight/individual for five groups of 10 randomly selected animals collected at experiment initiation was subtracted from the dry weight/individual for each replicate. Effects of contaminant treatments on whole-amphipod dry weight were compared over time using two-way analysis of variance (ANOVA), and growth rate constants (g, percentage change in individual dry wt/d) were determined using linear regression (SigmaStat 2.01, Jandel Scientific, San Rafael, CA, USA).
Fecal pellets deposited during gut clearance for days 3, 6, and 10 were collected from each replicate, transferred to a clean vial, and gamma counted. Count times were adjusted to ensure Ͻ5% counting error. Whole-amphipod and fecal dry weights were measured for each replicate after gamma counting. Counts per minute data were corrected for radioactive decay and for gamma-counting efficiency to calculate disintegrations per minute (dpm). The mean activity of 109 Cd in test sediment was determined as dpm/mg dry weight sediment (1,207 Ϯ 19 dpm/mg for Cd alone and 1,259 Ϯ 23 dpm/mg for the Cd-Phen mixture, n ϭ 4 for each). The ratio of the measured sediment-Cd concentration to dpm/mg was used to determine the dry-weight concentration of Cd in H. azteca tissue and feces. The effect of Phen and exposure time on Cd body burden, growth, Cd concentration in feces, and total fecal production were tested using 2-way ANOVA. A MichaelisMenten one-site saturation model was used to fit the kinetic uptake data and to calculate B max (tissue saturation concentration) and 95% confidence interval (CI) for each treatment using SigmaPlot 8.02 (SPSS, Chicago, IL, USA). Nonoverlapping 95% CIs were used as criteria for identifying significant differences in B max for Cd between treatments containing Cd alone and the Cd-Phen mixture.
Bioavailability
Because Cd is thought to bioaccumulate predominantly from overlying water in H. azteca exposed to sediment [22, 23] , an experiment was conducted to test for Phen effects on dissolved Cd concentrations in overlying water. Two Cd treatments (300 and 500 mg/kg dry wt sediment targets, measured Cd concentrations in Table 1 ) with and without a sublethal concentration of Phen (124 mg/kg, measured concentration) Table 1 . Sediment bioassay results and parameters. Treatments included two levels of cadmium (Cd, targets 300 and 500 mg/kg dry wt sediment) with and without a sublethal concentration (124 mg/kg) of phenanthrene (Phen). The top panel provides the bulk-sediment Cd concentrations for each treatment at day-0 in mg/kg (mean Ϯ 1 standard deviation [SD], n ϭ 2) , dissolved Cd concentration in overlying water at days 0, 5, and 10 in g/L (mean Ϯ 1 SD, n ϭ 4), and Hyalella azteca 10-d mortality (mean Ϯ 1 SD, n ϭ 4). A comparison of sediment Cd concentrations within 300 and 500 mg/kg Cd treatments was tested using Mann-Whitney rank-sum tests. The effect of Phen on Cd concentrations in overlying water and mortality were tested using three-and two-way analysis of variance (ANOVA), respectively. The bottom panels provide pH and dissolved oxygen values measured in overlying water for CD alone and Cd-Phen mixture treatments (mean Ϯ 1 SD, n ϭ 4). T tests or MannWhitney ranked-sum tests were used to test treatment effects on pH, and two-way ANOVA was used to test Phen effects (including time) on dissolved oxygen. Concn. were examined. Sets of 10 randomly selected H. azteca were exposed in four replicate 400-ml plastic beakers containing 100 ml test sediment and 200 ml overlying dechlorinated tap water. On day 10, amphipods were recovered, enumerated, and percentage mortality calculated. Two-way ANOVA was used to test for treatment effects on mortality. During the 10 d bioassay, initial (day 0), day 5, and day 10 overlying water samples were taken from all replicates for Cd and Phen analysis. Nondissolved material was removed by filtration through 0.45-m membrane filters (Pall Life Sciences, Ann Arbor, MI, USA). Cadmium samples were acidified with trace-metalgrade HNO 3 and stored at 4ЊC for less than 21 d before ICP-MS analysis. Phenanthrene samples were stored in the dark at 4ЊC and analyzed by HPLC within 3 d of collection. The effects of sediment-Cd concentration, the presence of Phen, time, and their interactions on dissolved Cd concentration in overlying water were analyzed by three-way ANOVA (SAS software, Release 8.2, Cary, NC, USA) after natural-log transformation.
Water-only exposures
An aqueous uptake bioassay was conducted exposing 100 randomly selected H. azteca in 1-L glass beakers containing 600 ml of 109 Cd-labeled treatment solution (60 Ci total). Treatments included Cd alone, Cd including Phen (100 g/L Phen target; see Fig. 1A for measured concentrations), and Cd including an acetone carrier (0.1 ml/L in exposure medium), each with four replicates. Phenanthrene required dissolution in acetone; therefore, a control for acetone effects was required. Equivalent 109 Cd concentrations were targeted in all treatments without the addition of nonradioactive Cd. Each treatment solution was prepared no more than 1 h before daily water renewal. Dissolved Cd and Phen concentrations were measured in each replicate for each treatment before and after each renewal. Cadmium concentrations were calculated using the specific activity of 109 Cd to determine 109 Cd mass as a function of the dpm/L of test solution (see Fig. 1B for measured concentrations). Phenanthrene concentrations were determined by HPLC. The effect of exposure treatments on Cd concentration in aqueous exposure media was tested using KruskalWallis ANOVA. Hyalella azteca was exposed to the three treatment solutions for 6, 12, 24, 48, 96, or 192 h. At each time, 10 randomly selected amphipods were removed from each replicate and rinsed three times in deionized water. They were then transferred to clean vials and gamma counted. Cadmium body concentrations in H. azteca were calculated using the specific activity of 109 Cd to determine 109 Cd weight as a function of the dpm/mg dry weight tissue (g/g). Uptake rate constants from the dissolved phase (k u ) were calculated using slope values from linear regression (k u ϭ L/g/d).
In the elimination experiment, H. azteca was exposed for 192 h, collected, processed, and tissue radioactivity counted as described above. Amphipods were then transferred to 1-L elimination chambers in which dechlorinated-tap water was renewed daily. Amphipods were rinsed three times in deionized water and gamma counted at 12, 24, 48, 96, and 192 h. Percentage elimination was calculated for each replicate by dividing the dpm at each time point by the initial dpm. Effects of Phen and exposure time on Cd uptake and elimination kinetics were tested using two-way repeated-measure ANOVA. Effects of the acetone control were also tested in this fashion. Elimination rate constants (k ew ) were determined using slope values from linear regression (k ew ϭ % elimination/d).
Water quality
Water-quality parameters were measured for each contaminant treatment in all bioassays. Dissolved oxygen concentration and temperature were measured daily in overlying water of four to five randomly selected replicates (depending on azteca growth rate (B) when exposed to cadmium (Cd) alone and the Cd-phenanthrene (Phen) mixture in sediments. Measured Cd concentrations in Cd alone and Cd-Phen mixture treatments were 123.2 Ϯ 2.1 mg/kg and 135.7 Ϯ 2.6 mg/kg, respectively. Symbols represent means Ϯ one standard deviation (n ϭ 5). The Michaelis-Menton onesite saturation model was used to fit uptake kinetics data, and linear regression was used to fit growth data. Body burdens and growth rates were measured as g Cd/g dry body weight and % increase in body dry weight/individual over time, respectively. experiment) using an Orion model 820 oxygen meter (Orion Research, Boston, MA, USA). Overlying-water pH and ammonia concentrations were measured at experiment initiation and termination in four to five randomly selected replicates with an Oakton Ion 510 Series pH meter (Oakton, Vernon Hills, IL, USA) and a NH 3 /NH 4 aquarium test kit (Aquarium Pharmaceuticals, Chalfont, PA, USA). Comparison of contaminant treatment effects (Cd alone, Cd including Phen and, if applicable, Cd including the acetone control) and the effect of time on both the dissolved oxygen concentration and overlying water temperature were analyzed using two-way ANOVA (data not meeting assumptions of ANOVA were rank transformed). Mann-Whitney ranked sum tests or t tests were used to test treatment effects on pH and ammonia concentration (initial and final) in Cd-bioavailability and sediment-Cd uptake bioassays. Treatment effects on pH and ammonia concentration in aqueous-Cd uptake and elimination bioassays were tested using ANOVA.
RESULTS
Water-quality parameters deviated from standards established by the U.S. EPA [19] only in the aqueous uptake bioassay, in which dissolved oxygen fell below 40% saturation after 96 h in treatments containing acetone. Data from treatments that did not meet U.S. EPA standards were excluded from analyses. The only significant difference ( p Ͻ 0.05) in water quality values detected among contaminant treatments (Cd alone, Cd including Phen, and/or Cd including acetone carrier) occurred in the sediment-Cd uptake bioassay. In that bioassay, a difference in temperature was detected, although the mean temperatures for Cd alone and Cd including Phen treatments were indistinguishable (22.6 Ϯ 0.2ЊC and 22.6 Ϯ 0.1, respectively). No interactive effects with time ( p Ͻ 0.05) were observed in any bioassay.
Sediment exposures
The presence of Phen increased Cd uptake from sediment into H. azteca tissues over time ( Fig. 2A) . Cadmium body burdens for individuals exposed to the Cd-Phen mixture were 3.6 times higher than those exposed to Cd alone by day 10. Phenanthrene, exposure period, and their interaction significantly affected Cd body burden ( p Ͻ 0.001, for each). Cadmium uptake-rate kinetics for amphipods exposed to Cd alone and the Cd-Phen mixture were indistinguishable at day 1 ( p Environ ϭ 0.701). After day 1, Cd body burdens increased greatly in amphipods exposed to the Cd-Phen mixture. The projected B max for the Cd-alone treatment was 47.2 g/g (36.2-58.3, 95% CI), whereas the B max for Cd in the Cd-Phen mixture was 221.1 g/g (117.8-324.3, 95% CI). No behavioral differences were observed among H. azteca exposed to Cd alone and the CdPhen mixture, and all animals tended to remain burrowed in sediments throughout the course of the experiment. Individual dry weights increased linearly over time through day 10 but were not affected by the presence of Phen ( p ϭ 0.092, Fig.  2B ). Although growth was not significantly altered by the presence of Phen, the growth-rate constant (g) for the Cd-alone treatment was slightly greater than in the Cd-Phen mixture treatment (8.75 and 6.05% change in individual dry wt/d, respectively). Phenanthrene did not affect the mass of feces deposited during depuration and had no effect on Cd concentration in feces ( p ϭ 0.654 and 0.819, respectively, Fig. 3 ). The mass of depurated fecal material decreased over time ( p ϭ 0.002), and there was no difference in the Cd concentration in feces among time periods ( p ϭ 0.096). Dry weight of feces ranged from 4 to 6% of whole-animal dry weight. Cadmium concentrations in feces were generally higher than in bulk sediment:
191.8 Ϯ 56.8 (n ϭ 30) and 129.5 Ϯ 7.5 (n ϭ 4) mg/kg, respectively.
There was no difference in initial sediment-Cd concentrations between Cd alone and Cd-Phen mixture treatments within Cd target concentrations ( Table 1) . The results of three-way ANOVA indicated Phen had no effect ( p ϭ 0.912) on dissolved Cd concentration in overlying water. Additionally, water-quality analyses indicated no difference in overlying water pH, regardless of the presence of Phen, at experiment initiation (day 0), day 5, or day 10. An increase in sediment-Cd concentration from 300 to 500 mg/kg (target) significantly increased ( p Ͻ 0.001) the concentration of Cd in the dissolved phase. In general, dissolved Cd concentrations in overlying water increased proportionally with increases in sediment concentration, regardless of the presence of Phen. Dissolved Cd concentrations tended to increase slightly with time, but at day 10, the dissolved Cd concentration for the Cd-Phen mixture treatment containing 500 mg/kg Cd decreased appreciably. A significant interaction between Cd and time ( p ϭ 0.013) was detected and likely resulted from this effect. Mortality was higher in treatments containing the Cd-Phen mixture than in treatments containing Cd alone (Table 1) , which is consistent with previous findings [18] . A test of Cd effects on Phen bioavailability could not be conducted because dissolved Phen concentrations in overlying water were below detection limits of HPLC for all treatments.
Water-only exposures
Both Cd and Phen concentrations in water-only exposures were variable over the time course of the aqueous uptake experiment (Fig. 1) . Losses of Phen in water-only exposures exceeded 50% between daily water renewals (Fig. 1A) . Variability in Cd concentrations were less pronounced between water renewals with a mean loss of 13.0 Ϯ 8.5% (n ϭ 24) across exposure treatments daily (Fig. 1B) . Neither Phen nor the acetone control affected the overall concentration of Cd in the treatment solutions ( p Ͼ 0.05). Cadmium uptake rate constants from the dissolved phase (k u ) for Cd alone and the Cd-Phen mixture were 13.6 and 13.0 L/g/d, respectively.
Cadmium uptake kinetics were generally equivalent for amphipods exposed to Cd alone and the Cd-Phen mixture in water-only exposures (Fig. 4A) . Data for the 192-h exposure period were excluded from analysis because water-quality parameters did not meet U.S. EPA standards [19] . Cadmium body burdens increased steadily through 96 h in all treatments and did not appear to approach equilibrium (Fig. 4A) . The only significant difference in Cd uptake associated with contaminant treatments occurred between Cd-Phen mixture treatment and the Cd-acetone procedural control.
Cadmium elimination in H. azteca did not differ among individuals exposed to Cd alone and the Cd-Phen mixture (Fig.  4B) . Repeated measure ANOVAs suggested that there was no difference in elimination kinetics among animals exposed to Cd alone and the Cd-Phen mixture ( p ϭ 0.226) or Cd alone and Cd-acetone control ( p ϭ 0.603). Cadmium elimination rates (k ew ) for Cd alone and the Cd-Phen mixture were 3.8 and 2.9% total body burden/d, respectively. It should be noted that H. azteca investigated for Cd elimination experienced substandard water quality during contaminant exposure (as described in the previous paragraph). Although water quality in elimination chambers exceeded U.S. EPA water-quality standards, it is unknown if exposure to substandard water during the uptake phase affected subsequent Cd elimination.
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Environ. Toxicol. Chem. 24, 2005 2923 Fig. 4 . Kinetic uptake (A) and elimination (B) of Cd into/out of Hyalella azteca tissues in aqueous exposures. Hyalella azteca were exposed to equivalent concentrations of 109 Cd either alone or in combination with phenanthrene (100 g/L target). A procedural control was included to test for effects of the acetone carrier used to amend phenanthrene into treatment solutions. Symbols represent means Ϯ one standard deviation (n ϭ 4). Elimination data were fit using linear regression. See Figure 1 for measured Cd.
DISCUSSION
Sublethal concentrations of Phen combined with Cd increased lethality in sediment exposures but not in water-only exposures in H. azteca [18] . This suggests the observed synergistic toxicity was not the result of a toxicological interaction, but an interaction mediated by environmental exposure. Corresponding with observed lethal effects, Phen increased Cd bioaccumulation rate in sediment exposures but had no effect on Cd bioaccumulation in water-only exposures. Results of the present study and those of Gust [10] indicated Phen had little, if any, effects on standard analytical values used as indicators of metal bioavailability from the dissolved phase of sediment exposures. We therefore conclude that increased Cd bioaccumulation is responsible for increased lethality in CdPhen mixtures. Further, we suggest that the Phen-mediated increase in Cd bioaccumulation is unrelated to uptake via the dissolved phase and must therefore occur by processes related to bioaccumulation via sediment feeding.
Effect of phenanthrene on Cd bioaccumulation
In sediment exposures, Phen increased Cd bioaccumulation rate, total Cd body burden, and increased projected equilibrium tissue-Cd concentrations (B max ) by nearly 5 times, from 47.2 (36.2-58.3, 95% CI) to 221.1 g/g (117.8-324.3, 95% CI) in H. azteca ( Fig. 2A) . Hyalella azteca was observed to remain burrowed in sediments throughout the course of sediment exposures in all treatments, indicating that differences in Cd bioaccumulation did not result from sediment avoidance. No previous study has investigated effects of PAH on metal bioaccumulation from sediments, but PAH-mediated increases in Cd bioaccumulation from dietary sources have been documented [24] . Growth can affect contaminant body burdens by decreasing the ratio of bioaccumulated contaminant to total body weight [15] . In the present study, Phen had no effect on H. azteca growth rate in sediment bioassays (Fig. 2B) , and therefore the Phen-mediated increase in Cd bioaccumulation is unrelated to growth. Although Phen effects on Cd binding to the exoskeleton and Cd retention in the gut were not specifically quantified, a thorough rinsing protocol was used to minimize Cd association with the exoskeleton, and a 6-h gut clearance period was employed to maximize sediment depuration. Furthermore, Cd bound to exoskeleton and/or nonassimilated Cd in the gut would not likely contribute to the increased lethality observed in H. azteca exposed to Cd-Phen mixtures in sediment.
Sublethal concentrations of Phen had no effect on the lethal toxicity of Cd [18] , Cd bioaccumulation kinetics (Fig. 4A) , or Cd elimination kinetics (Fig. 4B ) in water-only exposures. Studies investigating effects of organic contaminants on metal bioaccumulation in aqueous exposures have provided mixed results. Phenanthrene did not affect Cd bioaccumulation in the marine mussel Mytilus galloprovincialis [25] , had no effect on Cu bioaccumulation or elimination in the marine mussel Mytilus edulis [26] , reduced Zn bioaccumulation in sheepshead minnow (Cyprinodon variegates) [27] , and the pesticide chlorpyrifos caused increased rates of methyl-mercury bioaccumulation in H. azteca [28] . It is difficult to provide general conclusions about how organic contaminants affect metal bioaccumulation and elimination because data are sparse and no consistent experimental protocol has been used, making comparisons among experiments tenuous.
The relationship between total metal body burden and toxicity may not be directly related in invertebrates. Bioaccumulated metals may be metabolically active and contribute to toxicity, or they may be bound to a terminal ligand, rendering the metal nontoxic [29] . Mechanisms of biological metal detoxification in invertebrates include binding of metals to metallothioneins and sequestration into metal-rich granules [29] . Metal bioaccumulation rate has been demonstrated to be more indicative of toxicity than total metal accumulation [17] . If the rate of metal detoxification occurs more slowly than metal bioaccumulation rate, toxicity may be induced. Partitioning of Cd to metallothionein was unaffected by Phen in M. galloprovincialis [25] , and PAH delayed metallothionein induction in the marine fish Pleuronectes platessa [5] . Unless Phen enhanced metal detoxification mechanisms in H. azteca, the Phen-induced increase in Cd bioaccumulation rate likely resulted in increased concentrations of metabolically active Cd in tissues and thus increased lethality.
Effect of phenanthrene on Cd bioavailability
Although Phen greatly increased Cd body burdens in H. azteca exposed to contaminated sediment, Phen did not affect physical-chemical parameters that influence Cd bioavailability from sediments and had little influence on analytical values used as indicators of metal bioavailability. Redox potential gradients in sediments control biogeochemical reactions that influence the quantity of metal partitioning into the dissolved phase [12] . Oxygen concentrations in overlying water strongly influence redox-potential gradients in sediments, especially at the sediment-water interface, where the majority of metal exchange occurs [30] . Dissolved oxygen concentrations among all sediment bioassays in the present study and in Gust [18] were equivalent. Parallel studies using Bayou Manchac sediment and identical sediment-preparation techniques indicated that Phen had no effect on acid volatile sulfide or simultaneously extractable metal concentrations [10] . Further, results of that study also suggested that the dissolved Cd concentrations in both overlying water and pore water were only marginally affected by Phen. Metal partitioning from sediments to the dissolved phase is also influenced by pH [31, 32] . Analyses of water-quality parameters for all bioassays in the present study, Gust [18] , and Gust [10] have consistently indicated no difference in pH among Cd alone and Cd-Phen mixture treatments. Finally, because Phen is a nonionic PAH and had little contribution to the organic carbon content of the sediment, chemical interactions between Cd and Phen in sediment exposures that would alter toxicity seem unlikely. Based on these results, we conclude that Phen-mediated increases in Cd bioaccumulation are likely unrelated to adsorption of Cd from the dissolved phase and are therefore the result of enhanced Cd bioaccumulation from sediment feeding.
Feeding effects on Cd bioaccumulation
Although H. azteca was given daily meals of noncontaminated food, their feces contained greater concentrations of Cd than bulk sediment. Cadmium partitions strongly to natural organic material (humus) in sediments [33] , and deposit feeders have been observed to selectively ingest these small organic-carbon-rich particles from bulk sediment [34] . In the present study, ingestion of Cd associated with the daily meal and/or Cd associated with sediment particles provided a route of exposure for Cd bioaccumulation in addition to uptake from the dissolved phase. Because Phen had no effect on either Cd bioaccumulation in water-only exposures or on dissolved Cd concentrations in sediment bioassays, the observed increase in Cd bioaccumulation when exposed to Cd-Phen mixtures in sediment likely resulted from an increase in Cd uptake from processes related to bioaccumulation via sediment feeding.
The contribution to metal bioaccumulation from food has been linked to ingestion rate, metal assimilation efficiency (AE), the concentration of metal in ingested food (C f ), and elimination rate of metal accumulated via feeding (k ef ) [15] . Polynuclear aromatic hydrocarbons have been observed to increase Cd AE from contaminated food [24] and to alter sediment-particle selectivity [34] , which may thereby influence exposure and bioaccumulation of co-occurring contaminants (i.e., metals). In order to determine the mechanism(s) by which Phen increased Cd bioaccumulation in sediment exposures, additional experiments should be conducted to quantify Phenmediated effects on Cd AE, sediment ingestion rate, C f , and k ef in H. azteca. Individual or combined increases in Cd AE, sediment ingestion rate, and C f , and/or reductions in k ef would contribute to increased Cd bioaccumulation rates. Additionally, the results gained from the experiments suggested above could be incorporated into a bioenergetic kinetic model [15] and used to generate predictions of Phen-mediated effects on Cd bioaccumulation in H. azteca. Model predictions could then be compared against experimentally derived bioaccumulation data to test the utility of bioenergetic kinetic modeling for assessment of Phen-mediated effects on Cd bioaccumulation.
Implications
The existence of apparent interactive effects manifested in sediment exposures should be considered in light of assessment methods for determining sediment quality. If apparent interactive effects between contaminants are widespread, they may compromise the predictive ability of current methods for assessing sediment quality. Sediment-quality guidelines have been developed as a means of assessing sediment quality based on probable effects relationships between sediment-contaminant concentrations and associated toxicity in sediment bioassays [35, 36] . Further refinement of this method has been used for evaluation of acute toxicity to amphipods caused by chemical mixtures [37] . Although these statistical models accurately predict a low probability of toxicity where no sediment quality guidelines are exceeded, there is a lack of ability to predict the absence of toxicity at the threshold where individual chemical sediment quality guidelines begin to be exceeded. Variability in contaminant bioavailability among test sediments is a likely source for this diminished predictive ability, but we also suggest contaminant mixture effects on bioaccumulation (as were observed in the present study) may also contribute to variability in toxicity. The sediment-quality triad may be a more robust approach for detecting unexpected deleterious effects of contaminant mixtures in natural environments. We recommend, in agreement with Borgmann et al. [38] , inclusion of bioaccumulation testing concurrent with toxicity bioassays as part of the sediment-quality triad. Bioaccumulation data can be used as an additional indicator of contaminant bioavailability and as a means of determining the cause of toxicity. We find this would be a more robust approach for assessing sediment quality because, although it does not directly assess possible causes of either toxicological interactions or apparent interactive-mixture effects, it does have the capacity to encompass the sum effect and probable mechanism of overall toxicity.
Broad-scale testing of metal-PAH mixture effects on contaminant bioavailability, bioaccumulation, toxicity, and toxicology would greatly enhance our ability to assess metal-PAH mixture effects in natural environments. Although PAH was not observed to affect metal bioavailability in the present acute bioassays, possible effects in natural environments should not be ignored. Characterization of general hydrocarbon effects on sediment biogeochemistry as they are related to metal bioavailability should be investigated and hydrocarbon effects on metal bioaccumulation from field sediments tested. In the present study, Cd-Phen joint toxicity appeared to be independent in H. azteca. However, we cannot say if the same is true for an alternative metal combined with Phen, an alternative PAH combined with Cd, an alternative metal combined with an alternative PAH, or any of these combinations in an alternative test species. Further, the present study suggests mixture toxicology may not be indicative of effects for metal-PAH mixtures in complex environments (i.e., sediments) where apparent interactive effects may occur. The systematic testing of all possible contaminant combinations in all species and environment types is impractical; however, intelligent testing can help build our metal-PAH mixture-effects database for use in predictive assessment. For example, in the present study, Phen Exposure-related effects on Cd bioaccumulation Environ. Toxicol. Chem. 24, 2005 2925 was recognized to increase Cd bioaccumulation in H. azteca in sediment exposures. Because the various congeners of PAH generally elicit their effects via a similar toxicological mechanism [39] , the hypothesis that any PAH will increase Cd bioaccumulation in H. azteca exposed to sediments can be tested. If true, the same hypothesis can be tested for Cd combined with a mixture of PAHs. This simple string of hypothesis tests demonstrates a path toward understanding an environmentally realistic question: What effects can be expected if diesel fuel is spilled into Cd-contaminated sediment? We suggest that the use of standardized test methods (i.e., the U.S. EPA standard test methods for H. azteca [19] on which Gust [18] and the present study are based) to test goal-oriented questions concerning metal-PAH mixtures effects can both provide answers for environmentally realistic problems and contribute to building a database for comparison among metal-PAH mixture studies.
CONCLUSION
The current conceptual basis for assessing effects of contaminant mixtures is founded on mixture toxicology [2, 40, 41] . Understanding how contaminants interact toxicologically is important but does not provide all the information necessary for assessing effects that occur in natural populations encountering contaminant mixtures in a diversity of natural environments. For example, the current study demonstrated that the mixture toxicology of a metal and PAH in H. azteca is likely to be independent. However, when organisms encountered the combined contaminants in sediment, an apparent synergism occurred, where lethality increased dramatically as the result of Phen-mediated increases in metal bioaccumulation. These results are problematic because the analytically derived measurements used as surrogates for contaminant bioavailability (i.e., acid volatile sulfide-simultaneously extractable metal and dissolved pore water and overlying water metal concentrations) that are used as the basis for determining sedimentquality guidelines may not be indicative of the true bioavailability or toxicity of contaminant mixtures. Currently, the only methods available for assessing sediment quality for metal-PAH mixtures are empirical. Therefore, until a predictive model for assessing metal-PAH mixture effects is generated, we suggest the use of the sediment-quality triad with the addition of bioaccumulation testing, for sediment-quality assessment where metal-PAH mixtures persist. Additionally, we feel that the use of standardized sediment-toxicity bioassays in a designated test organism (i.e., U.S. EPA standard methods for H. azteca [19] ) would serve to build a database by which metal-PAH mixture effects could be compared and a model of metal-PAH effects generated.
